Introduction: Nicotine dependence (ND) is a chronic, relapsing mental disorder characterized by compulsive cigarette seeking and smoking. Although the cerebellum plays an increasingly implicated role in ND, the exact cerebellar alterations in ND remain unclear. Identifying the localization of these cerebellar abnormalities in ND may help to further understand the role of the cerebellum in ND. Thus, we investigated the structural and functional alterations in the cerebellum in a large sample of smokers using the spatially unbiased infratentorial template (SUIT). Methods: High-resolution structural magnetic resonance imaging (MRI) data were acquired from 85 smokers and 41 nonsmokers. We applied voxel-based morphometry (VBM) and the SUIT cerebellar atlas to compare the cerebellar gray matter (GM) volume between smokers and nonsmokers. Using resting-state functional MRI data, we also performed seed-based functional connectivity (FC) analysis to examine the functional correlates of the GM volume changes. Results: Both VBM and lobular analyses revealed smaller GM volume in the bilateral Crus I in smokers. The GM volume of the left Crus I was inversely correlated with the severity of nicotine dependence as assessed by Fagerström Test for Nicotine Dependence (r = −.268, p = .013). We also found reduced FC between the bilateral Crus I and brain regions involved in the default mode network and motor system, as well as the frontal and temporal cortex in smokers. Conclusions: Our results indicate that decreased cerebellar GM volume and corticocerebellar FC are associated with ND, and these may underlie the core ND phenotypes, including automatized smoking behavior, cognitive, and emotional deficits. Implications: As smoking remains a worldwide public health problem, identifying the related neural alterations may help to understand the pathophysiology of ND. Based on previous findings in the cerebellum, we investigated the localization of the GM differences and related FC changes in ND subjects. Our findings highlight altered corticocerebellar circuits in ND, suggesting an association between the cerebellum and the phenotypes of ND.
Introduction
Nicotine dependence (ND) is a chronic, relapsing mental disorder characterized by compulsive cigarette seeking and smoking. The neurological basis of ND is predominantly related to dopaminergic neural circuitry comprising the prefrontal cortex, midbrain, insula, and striatum. 1, 2 Recent research has raised awareness of the involvement of the cerebellum in ND. The cerebellum has multiple nicotinic acetylcholine receptor (nAChR) subtypes, including the homomeric α7 and α4β2 subtypes, which are sensitive to nicotine-induced sensitization. 3, 4 Repeated nicotine exposure can upregulate the number of nAChRs, resulting in alterations in synaptic plasticity. 5, 6 Further, the excitotoxic actions of nicotine can cause cell loss in the cerebellum, particularly of Purkinje and granular neurons. 7, 8 More recently, a role for the cerebellum in addiction was highlighted by Miquel et al, with evidence that drug-induced functional and structural changes in the cerebellum were central to the transition from a pattern of recreational drug taking to a compulsive behavioral phenotype. 9 The structural and functional abnormalities of the cerebellum in ND are supported by several neuroimaging studies. For example, functional magnetic resonance imaging (fMRI) data indicate that the cerebellar activation along with cortical activation in ND is associated with working memory performance, 10 response inhibition 11 and cue-induced craving. 12, 13 According to cerebellar networks theory, interactions with the cerebral cortex may represent neural substrates for cerebellar involvement in cue-induced craving and addiction. 14 We previously reported that the cerebellum was an important hub of the brain network related to smoking relapse, with cerebellar functional connectivity (FC) independently predicting smoking relapse with 75.4% accuracy. 15 However, the specific alterations in the cerebellar networks in ND remain unclear, although one study reported evidence of altered FC strength in different cerebellar subregions when using posterior cingulate cortex (PCC) as a seed. 16 An increasing number of studies have also employed structural MRI to investigate anatomical alterations in the brain in ND, with the majority reporting a reduction in cerebellar gray matter (GM) in smokers when compared to nonsmokers. [17] [18] [19] [20] [21] Recently, a meta-analysis of voxel-based morphometry (VBM) studies examining structural changes in the brains in ND also showed a decrease in GM in the right cerebellum. 22 Although previous studies provide valuable evidence for abnormal structure and function in the cerebellum, the majority have examined the cerebellum as a whole and only considered its role in movement. In fact, the cerebellum is anatomically divided into 3 lobes and 10 lobules (lobules I-X): the anterior lobe (lobules I-V), the posterior lobe (lobules VI-IX), and the flocculonodular lobe (lobule X). Each of these lobules has been linked to specific corticocerebellar functional loops, supporting its own function, such as emotion, cognition, and movement. 23, 24 Thus, identifying the specific cerebellar localization of structural changes and the related functional circuits may be beneficial for elucidating the role of the cerebellum in ND.
At present, the reported changes in specific cerebellar lobules in ND are inconsistent. For instance, decreased cerebellar GM was frequently observed in the Crus I, lobule VII, and lobule VIII [18] [19] [20] but less so in the Crus II, lobule V, and lobule VI. 17, 21 These contrasting findings may relate to the small sample sizes in those studies or that changes were typically examined at the whole-brain level. Indeed, the small size and functional heterogeneity of the cerebellum make it a technical challenge for normalization. Commonly used wholebrain normalization algorithms, such as SPM segmentation, result in poor alignment of regions within the cerebellar cortex, which reduces statistical power. 25 However, using a cerebellum-only template, the spatially unbiased infratentorial template (SUIT) method was reported to significantly improve the overlap of cerebellar subregions across individuals. 25, 26 Thus, in the present study, we used the SUIT to investigate the regional structural alterations in the cerebellum with a relatively large sample of male smokers. By selecting the regions with significant difference in VBM analysis as seeds, we further performed a seed-based, resting-state FC analysis to assess for dysfunction in cerebellum-related network.
Methods

Participants
A total of 126 healthy volunteers, including 85 smokers (aged 22-54 years) and 41 nonsmokers (aged 26-56 years), were recruited by posted flyers and online advertisements ( Table 1 ). All participants were male, Han Chinese, and right-handed. Smokers were defined as individuals who smoked more than 10 cigarettes per day in the last 1 year and met the DSM-IV criteria of nicotine dependence. Nonsmokers were defined as individuals who had smoked fewer than 20 cigarettes in their lifetime and none in the past 10 years. Exclusion criteria for all participants were as follows: (1) a history of neurological or psychiatric diseases; (2) systemic diseases (i.e., diabetes and hypertension); (3) current use of psychotropic medications or concurrent substance abuse, such as alcohol and heroin; (4) MRI contraindications like claustrophobia and metal implants. All aspects of the research protocol were reviewed and approved by the Institutional Review Boards of the Second Affiliated Hospital of Zhejiang University School of Medicine. All subjects provided signed informed consents prior to study participation.
Demographic and smoking data were obtained from all participants by a questionnaire prior to scanning. ND severity was assessed using Fagerström Test for Nicotine Dependence (FTND). 27 Exhaled carbon monoxide (CO) was measured to confirm participants' smoking status (smoker ≥ 10ppm, nonsmoker ≤ 6ppm). Smokers smoked their last cigarette approximately ten minutes before resting-state scanning. Four smokers were excluded because of excessive head motion, resulting in a total number of 81 smokers and 41 nonsmokers for resting-state fMRI analysis. Imaging data from a subgroup of these subjects' were previously published. 28 
Image Acquisition
All scans were acquired on a 3.0 T GE SIGNA scanner with a birdcage head coil. Conventional T1-and T2-weighted images were performed to rule out structural abnormalities. Resting-state functional scans consisted of 185 echo-planar imaging (EPI) volumes with the following parameters: 30 slices (thickness/gap = 4/1 mm), repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, matrix = 64 × 64, field of view (FOV) = 240 × 240 mm 2 , and flip angle = 80°. During fMRI scanning (370s), participants were instructed to lie still, keep eyes closed, and not to fall asleep. Ear plugs and foam padding were used to reduce scanner noise and head motion. Additionally, a set of high-resolution anatomical T1-wighted images were obtained using 3D fast-spoiled gradient echo (FSPGR) sequence with following parameters: 136 sagittal slices (thickness/gap = 1.2/0 mm), TR = 5.06 ms, TE = 1.12 ms, matrix = 256 × 256, FOV = 240 × 216 mm 2 , and flip angle = 15°. All MRI data were visually inspected for image artifacts and anatomical abnormalities by an experienced neuroradiologist. Image Processing Lobular Volume analysis Lobular volumes were calculated using the SUIT (http://www.diedrichsenlab.org/imaging/suit.htm) 26 implemented in SPM8 (http:// www.fil.ion.ucl.ac.uk/spm). The origin of the image was set to the anterior commissure, followed by segmentation into GM and white matter (WM) using the "isolate" function in SUIT. Meanwhile, a classification map was generated to exclude any GM included outside the cerebellum. The segmented GM images were then normalized and resliced to the SUIT template with DARTEL. Finally, the number of voxels in each lobule in the resliced images was summarized. This process resulted in 28 volumetric GM measurements, including the 10 bilateral lobules (I-X right and I-X left; lobules I-IV were combined into one measure, and lobule VII wass divided into VIIb, Crus I and Crus II; lobule VIII is divided into VIIIa and VIIIb) and the vermis lobules VI-X.
Voxel-Based Morphometry Analysis
Structural images were processed using the SUIT toolbox to optimize the VBM procedure, per the lobular volume analysis. After isolation, normalization, and reslicing, the modulated images were then smoothed with a 4-mm full-width half-maximum (FWHM) Gaussian kernel in SPM8. To compare with previous whole-brain studies, we also performed whole-brain analysis using DARTEL (see Supplementary Materials).
Seed-Based Functional Connectivity Analysis
Resting BOLD data were preprocessed with DPARSFA (Data Processing Assistant for Resting-State fMRI Advanced Edition, http://www.restfmri.net/forum/DPARSF), which is based on SPM8. The first 10 volumes were discarded to reduce magnetization disequilibrium, followed by slice-timing correction and head motion correction. Exclusion criteria on head motion was exceeding more than 2 mm/degree (four smokers were excluded). After segmentation of T1 images, resting images were coregistered to T1 images and then registered to the standard Montreal Neurological institute (MNI) template and resampled into 3 × 3 × 3 mm 3 cubic voxels. Spatial smoothing was then performed with an isotropic 6-mm FWHM kernel. Finally, linear detrending and temporal band-pass filtering (0.01-0.08 Hz) were performed to remove low-and highfrequency noise. To remove any residual effects of motion and other nonneuronal factors, nuisance covariates, including six head motion parameters and signals of white matter and cerebrospinal fluid, were regressed out. We also calculated the mean framewise displacement (FD) 29 of each participant. Group comparison showed no FD difference between smokers (0.22 ± 0.08, mean ± standard deviation) and nonsmokers (0.20 ± 0.08) (t = 1.445, p = .151). Given the potential for spurious signal changes from head micromovements, we removed frames with FD > 0.5mm ("scrubbing"). 30 Cerebellar regions showing significant group effects in GM volume, if any, were used as a seed to investigate FC differences between smokers and nonsmokers. A correlation coefficient map for each seed was obtained by correlating the average time course from the seed with every voxel's time course, which was then transformed into z-value using Fisher's z transformation. To avoid any influence related to the selection of seeds, we also analyzed the FC maps with regions of interest (ROIs) defined as a sphere (3 mm radius) around the peak voxels of the significant GM clusters (see Supplementary Materials).
Statistical Analysis
Group differences in demographic and smoking data were analyzed using SPSS 19.0. Age and education were compared between smokers and nonsmokers using independent-sample t tests. All tests were two-tailed, and results were considered significant at p＜.05.
Lobular Volume Analysis
Lobular volumes were corrected for total cerebellar volume (individual lobular volumes / total cerebellar volume), and independentsample t tests were performed to identify group differences.
Voxel-Based Morphometry Analysis
Regional differences in GM between groups were assessed using the general linear model (GLM) in SPM8. Smoothed GM images were entered into a voxel-wise two-sample t test analysis with age, education, and total cerebellar volume as covariates. The threshold was set at a voxelwise p < .05 false discovery rate (FDR) corrected for multiple comparisons in SPM. Signals from the significant clusters were extracted and their correlations with smoking data (i.e., pack-years and FTND scores) were calculated.
Seed-Based FC Analysis
The VBM analyses revealed that GM volumes of the left Crus I and the right Crus I were significantly smaller in smokers. For each seed, a GLM was used to examine the differences between smokers and nonsmokers with age, education, and total cerebellar volume as covariates. Multiple comparisons were corrected at a threshold of α <.05 determined by the AFNI 3dClustSim Program. The following parameters were used: single voxel p = .005, cluster size = 27 voxels (729 mm 3 ), FWHM = 6 mm, and cluster connection radius r = 5 mm. Signals from the significant clusters were extracted and their correlations with smoking data (i.e., pack-years and FTND scores) were calculated.
Results
Cerebellar Lobular Volumes
Lobular volume analysis revealed that the right Crus I was significant smaller in smokers (11.15% ± 0.25% of cerebellar volume) compared to nonsmokers (11.26% ± 0.25% of cerebellar volume, p = .018). Further, there was a trend toward a smaller left Crus I in smokers (7.21% ± 0.20% of cerebellar volume) compared to nonsmokers (7.27% ± 0.15% of cerebellar volume, p = .058).
Voxel-Based Morphometry
As for lobular analysis, smokers showed significantly smaller left Crus I ( Figure 1C ) and right Crus I volume (Figure 1A and B; Table 2 ). Correlation analysis revealed a negative correlation between GM volume of the left Crus I and FTND scores (r = −.268, p = .013; Figure 1D ).
Seed-Based FC
The results of the seed-based FC analyses are shown in Figure 2 and Table 3 . Smokers showed significantly lower FC between the bilateral Crus I and brain regions involved in the default mode network (DMN), such as the medial prefrontal cortex (mPFC) and the precuneus. Smokers also showed significantly lower FC between the bilateral Crus I and brain regions associated with motor planning, such as the paracentral lobule and the supplementary motor area (SMA). Lower FC was also found between the right Crus I and temporal lobe and inferior frontal gyrus in smokers. Using the right cerebellar Crus I (47 voxels) as a seed, the FC with the cluster including the bilateral SMA, bilateral precuneus, and right paracentral lobule was negatively correlated with cigarettes per day (r = −.234, p = .035).
Discussion
In the present study, we investigated the localization of cerebellar structural differences between smokers and nonsmokers. Both VBM and lobular analyses showed that smokers had smaller GM volume in the bilateral Crus I than nonsmokers. In smokers, there was a negative correlation of GM volume with ND severity for a cluster in the left Crus I. Further, seed-based FC analysis showed significantly lower FC between the bilateral Crus I and various brain regions related to the DMN and motor planning in smokers.
VBM has been widely used to examine the structural differences in ND for two decades. Although some studies [17] [18] [19] [20] [21] reported GM reduction in the cerebellum of smokers, the localization of the abnormalities was inconsistent. We owed it to the image-processing methods and the small sample size. Therefore, we tested the effects of nicotine on cerebellar GM volume in a large cohort using a spatially unbiased algorithm. We found smaller GM volume in the bilateral Crus I, which is consistent with two previous studies, one 20 in a large sample of 80 smokers and the other 18 using SUIT. The present study also extended these findings to adult male smokers with the entire range of nicotine dependence severity.
Although the cerebellum is classically considered important for coordinating movement, maintaining posture, and equilibrium, 9 growing evidence suggests a role in a wide range of other functions, including regulation of cognition and emotion, attention processing, and decision-making, many of which are affected in addicts. 31 As such, the cerebellum has been suggested to form part of the addiction circuitry. 32 The Crus I is located in the posterior lobe of the cerebellum and is important for cognitive function. 33 Altered neural activity in the Crus I has also been reported in smokers. For example, in a positron emission tomography (PET) study, 34 increased regional cerebral blood flow (rCBF) in the Crus I was associated with monetary and nonmonetary reinforcement in smokers, but not in non-smokers. rCBF in the bilateral Crus I was also reported to be increased by cigarette smoking in smokers after overnight abstinence. 35 These studies suggest a role for the Crus I in processing reinforcement and regulating emotion. Although it is clear that chronic smoking can cause cognitive impairment, 36 whether the GM reduction in the Crus I is associated with cognitive decline in smokers needs to be studied further.
We also found that GM volume in the left Crus I was inversely correlated with FTND scores, which is consistent with a previous report. 18 The stronger correlation in that study may be a result of the smaller sample size (33 smokers) and the narrow FTND score range (4) (5) (6) (7) (8) . We also observed a volume reduction in the bilateral cerebellum in male smokers, similar to that previously reported. 19, 20 These findings contrast with a report of reduced GM volume in the right cerebellum of both sexes. It might be caused by gender effects, as a gender-specific analysis 20 showed larger and bilateral volume reduction in male smokers.
The Crus I is anatomically and functionally connected to the prefrontal, temporal, and parietal regions of the cerebral cortex, while resting-state FC data suggest that the Crus I is functionally connected to the ventral attention, frontoparietal, and DMN regions. 23, 37 Among these networks, alterations in the DMN are commonly reported in ND. The DMN is involved in self-referential mental activity, emotional processing, and recollection of prior experiences. 38 Previous neuroimaging studies consistently reported abnormal DMN activation and disrupted integration of the DMN with other brain regions in nicotine-dependent individuals across a range of cognitive paradigms, including working memory, 39 attention bias, 40 and inhibition control. 41 Resting-state and pharmacological fMRI studies have also demonstrated increased BOLD signal in the DMN in deprived smokers and decreased BOLD signal in the DMN after acute nicotine administration. 42, 43 Further, in a case report, damage to the PCC, a core region of the DMN, completely disrupted addiction to cigarette smoking. 44 Thus, the DMN is thought to play an important role in ND, particularly in withdrawal symptoms, such as craving and difficulty concentrating. 45 In the present study, we found a significant reduction in FC between the bilateral Crus I and the DMN. Our findings are consistent with previous studies showing Crus I involvement in the spontaneous brain activity of the DMN. 23, 37 Further, our findings are similar to those of Wetherill et al, who identified the core nodes of the DMN using the PCC as a seed region and found lower FC strength between the PCC and the cerebellum (Crus I/II) in satiated smokers. 16 Overall, these data suggest that reduced FC strength between the DMN and the Crus I may underlie the cognitive and emotional deficits associated with ND.
In addition, we observed decreased FC between the bilateral Crus I and the paracentral lobule and SMA, structures involved in automatized behavior and motor planning. Drug-taking skills were suggested to constitute the core of drug acquisition and consumption behavior, which becomes highly automated after repeated practice. 46 Recently, Yalachkov et al proposed a model for the involvement of motor mechanisms in addiction. 47 Further, a number of studies using the cue reactivity paradigm have reported preferential activations in the SMA, cerebellum, motor, and premotor cortex for drug-related cues in addicts in comparison to neutral cues. [48] [49] [50] The responses in these regions were also correlated with the severity of ND, 50 and the degree of automaticity of the behavioral responses toward smoking-related cues. 49 A recent study 51 of resting-state regional homogeneity (ReHo) in heavy smokers also found increased ReHo predominately in the paracentral lobule, SMA, and cerebellum. Given these findings, we speculate that FC between the Crus I and the motor system may be important for automatized smoking behavior.
Limitations
Because of the cross-sectional design, we were unable to determine the casual relationship between cigarette smoking and cerebellar alterations. Another limitation was that only male smokers were recruited in our study. Given the gender effect on ND, 52 the findings may not be extended in female smokers. Further, as the images in our study were acquired just 10 minutes after the last cigarette, it is possible that the FC findings may be attributed to acute rather than chronic smoking. 
Conclusions
In conclusion, by simultaneously using VBM and lobular analyses of the cerebellum in a large cohort of cigarette smokers, we confirmed a significant reduction in cerebellar GM volume in the bilateral Crus I. We also found that the GM volume in the left Crus I was related to FTND, a stable and heritable measure of nicotine dependence severity. Finally, we observed reduced FC between the bilateral Crus I and the DMN and motor system in smokers. Although we did not examine the specific mechanisms, these findings contribute to our knowledge of cerebellar morphology and its FC with the cerebral cortex in ND.
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